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Effects of Training on Auditor-y Space 
ABSTRACT 
Psychophysical phenomena such as categorical perception and the perceptual magnet 
effect indicate that our auditory perceptual spaces are warped for some stimuli. This paper 
investigates the effects of two different kinds of training on auditory perceptual space. It is 
first shown that categorization training, in which subjects learn to identify stimuli within a 
particular frequency range as members of the same category, can lead to a decrease in sen-
sitivity to stimuli in that category. This phenomenon is an example of acquired similarity 
and apparently has not been previously demonstrated for a category-relevant dimension. 
Discrimination training with the same set of stimuli was shown to have the opposite effect: 
subjects became more sensitive to differences in the stimuli presented during training. Fur-
ther experiments investigated some of the conditions that are necessary to generate the 
acquired similarity found in the first experiment. The results of these experiments are used 
to evaluate two neural network models of the perceptual magnet effect. These models, in 
combination with our experimental results, are used to generate an experimentally testable 
hypothesis concerning changes in the brain's auditory maps under different training condi-
tions. 
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1. Introduction 
It is well-known that our perceptual spaces for some auditory stimuli, such as pho-
nemes, are warped. That is, the perceptual distance between two stimuli, as evidenced by a 
subject's ability to discriminate them, is not always proportional to their distance mea-
sured along physical dimensions such as frequency or time. English stop consonants, for 
example, have long been known to undergo a process of categorical perception (see Jusc-
zyk, 1986; Liberman, 1996; Lieberman and Blumstein, 1988; and Repp, 1984 for 
reviews). For example, if subjects are presented with synthetic speech stimuli created by 
varying the second formant transition in small steps through a range corresponding to the 
phonemes /b/, /d/, and /g/, they show very poor discriminability when two stimuli both fall 
within one of the categories and very good discriminability for stimuli that straddle cate-
gory boundaries, even though the stimulus pairs in these two cases are equidistant in fre-
quency space (Liberman, Harris, Hoffman, and Griffith, 1957; Eimas, 1963). Other 
experiments have shown similar categorical effects for voice onset time (VOT) distinc-
tions between /d/ and It! (Liberman, Harris, Kinney, and Lane, 1961) and between fbi and 
/p/ (Libetman, Harris, Eimas, Lister, and Bastian, 1961). Similar effects have been 
reported for a variety of non-speech stimuli, including melodic musical intervals (Burns 
and Ward, 1978), simple visual shapes (Lane, 1965; Goldstone, 1994), and morphed faces 
along an intriguing John F. Kennedy to Bill Clinton continuum (Beale and Keale, 1995). 
Researchers have also shown, relatively recently, that the perceptual space for synthetic 
vowels and semivowels appears to be warped (e.g., Aaltonen, Eerola, Hellstrom, Uusi-
paikka, and Lang, 1997; Iverson, Diesch, Siebert, and Kuhl, 1994; Iverson and Kuhl, 
1994, 1995; Kuhl, 1991, 1995; Kuhl, Williams, Lacerda, Stevens, and Lindblom, 1992; 
Sussman and Lauckner-Morano, 1995). Kuhl (1991) referred to this warping as a "percep-
tual magnet effect," thus distinguishing it from categorical perception. Roughly speaking, 
the effect is characterized by a warping of perceptual space such that acoustic patterns 
near phonemic category prototypes are perceived as closer together than equally spaced 
acoustic patterns that are further away from phonemic category prototypes. According to 
the Kuhl et al. account, the magnet effect differs from categorical perception in that it is 
characterized by differences in discriminability for prototypical vs. nonprototypical stim-
uli that fall within the same phonemic category: better discrimination is found near 
non-prototypical members of a category than near prototypical members. However, other 
researchers have claimed that categorical perception and the perceptual magnet effect are 
essentially the same. For example, Lotto, Kluender, and Holt (1998) conclude from their 
study that the magnet effect "may be nothing more than further demonstration that general 
discriminability is greater for cross-category stimulus pairs than for within-category pairs" 
(p. 3648). By either account, though, the perceptual space for vowels and semivowels 
appears to be warped, although apparently not as dramatically as for consonants. 
It is very likely that some of the warping of auditory space is "built in" to the auditory 
nervous system. Evidence for this comes from studies of auditory perception in animals 
and newborn infants. For example, the discriminability by chinchillas of changes in VOT 
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for stimuli varying between [ d a] and [ t a] is nonuniform and peaks at a VOT of about 
30ms, which is near the voiced/voiceless boundary in humans (Kuhl and Miller, 1975, 
1978; Kuhl, 1981), A similar result was also reported for macaque monkeys (Kuhl and 
Padden, 1982). Increased discriminability was also found at the /b/-/d/ and /d/-/g/ phonetic 
boundaries of a continuum of F2 transition onset frequencies in the macaque monkey 
(Kuhl and Padden, 1983). Eimas, Siqueland, Jusczyk, and Vigorito (1971) have shown 
that human infants as young as two weeks old show evidence of categorical perception for 
the voiced/voiceless distinction, further suggesting that this effect is a consequence of 
auditory mechanisms that are present at birth. 
1.1. Experience-based warping of auditory space 
Other aspects of the warping of auditory space appear to arise from learning, rather 
than from built-in properties of the auditory system. Evidence for this view comes from 
cross-language studies, since differences in the locations of warping in auditory space 
across languages are presumably the result of learning driven by linguistic experience. 
One example of such a difference is the small but systematic difference in the VOT bound-
ary for the voiced/voiceless distinction across languages (e.g., Lisker and Abramson, 
1970). Another example is the language specificity of the warping of auditory space for 
vowels as measured in studies of the perceptual magnet effect. In a study of 6-month-old 
English and Swedish infants presented with English and Swedish vowel stimuli, Kuhl et 
al. (1992) found that infants had more difficulty discriminating between stimuli falling 
near a prototypical vowel from their native language than stimuli falling near a prototypi-
cal vowel in the non-native language. 
Liberman (1957) identified two possible learning processes that might underly this 
phenomenon. The first, acquired distinctiveness, is defined as an increase in perceptual 
sensitivity for items that are repeatedly categorized differently in some learning situation. 
Liberman (1957) reported evidence for acquired distinctiveness in detecting duration dif-
ferences for speech sounds vs. non-speech sounds, and later studies provided further 
examples of acquired distinctiveness for non-speech stimulus sets (e.g., Lane, 1965; Gold-
stone, 1994). The second possible learning process identified by Liberman (1957) was 
acquired similarity, also referred to by some authors as acquired equivalence. In acquired 
similarity, sounds that were originally distinguishable from each other become less distin-
guishable after repeatedly being categorized together. It has been noted that very young 
infants are capable of making some acoustic distinctions that they can no longer make 
later in life if those distinctions are not used to differentiate phonemes in the infant's 
native language (e.g., Eimas, 1975; Goto, 1971; Miyawaki et al., 1975; Werker and Tees, 
1984). These results appear to be examples of acquired similarity for a category-irrelevant 
stimulus dimension. Goldstone (1994) reported another example of acquired similarity for 
a category-itTelevant dimension in adults perfonning a categorization learning task utiliz-
ing visual stimuli. However, if acquired similarity is playing a role in learned instances of 
categorical perception and the perceptual magnet effect, it must involve category-relevant 
dimensions: the very notion of "nearer to the category boundary" that is commonly used 
to describe these phenomena implies that we are talking about category-relevant dimen-
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sions, such as formant frequencies for vowels. Although attempts have been made (e.g., 
Goldstone, 1994), acquired similarity for a category-relevant dimension has apparently 
not been shown experimentally (Liberman, 1996, pp. 18-19). 
1.2. Considerations from experimental and theoretical 
neuroscience 
It seems reasonable to assume that infants are more commonly exposed to prototypical 
examples of a speech sound than non-prototypical examples during the leaming process 
that leads to the perceptual magnet effect1. Perhaps relatedly, many neurophysiological 
studies of sensory maps have shown that disproportionately large exposure to a particular 
type of stimulus typically leads to a larger cortical representation for that stimulus. For 
example, kittens reared in a visual environment consisting only of vertical stripes have 
more visual cortex cells tuned to vertical contours than kittens reared in a normal environ-
ment (e.g., Rauschecker and Singer, 1981). Analogous results have been found in other 
sensory modalities. Preferential stimulation of a digit in monkeys leads to a larger cortical 
representation for that digit in somatosensory cortex (Jenkins, Merzenich, and Ochs, 1984; 
Jenkins, Merzenich, Ochs, Allard, and Gufc-Robles, 1990). In the auditory realm, Recan-
zone, Schreiner, and Merzenich (1993) found that repeatedly exposing monkeys to tones 
in a particular frequency range during learning of a tone discrimination task resulted in an 
increase in the area of auditory cortex preferentially activated by sounds in the trained fre-
quency range and a concomitant increase in the discriminability of the training tones. 
It is also commonly believed that, all else being equal, stimuli that have a larger corti-
cal representation are more easily discriminated from one another than stimuli that have a 
smaller cortical representation. For example, the cortical representation of the fingers in 
human somatosensory cortex is disproportionately large when compared to the representa-
tion of the back, and, correspondingly, humans are typically much better at discriminating 
tactile stimuli with their fingers than with their backs. Similarly, the primary visual cortex 
representation of the high-resolution foveal area of our retinas is much larger than the rep-
resentation of the low-resolution visual periphery. 
If one assumes that frequent exposure to a stimulus leads to a larger cortical representa-
tion, and that larger cortical representations lead to better discriminability, then one sees a 
paradoxical aspect of the perceptual magnet effect: in the magnet effect, discriminability 
I. It is difficult to ascertain the typical distribution of speech sounds heard by an infant during the 
first years of life, particularly given that most infants are exposed to "motherese" in which pho-
nemes are often spoken in an exaggerated fashion as compared to casual speech. If one simply 
counts the number of occurrences in the Peterson and Barney vowel formant frequency database of 
Iii sounds falling within a 120-mel radius of the prototypical and non-prototypical/if sounds used 
by Kuhl (1991 ), one finds that there are indeed more Iii examples near the pro typical /i/ than ncar 
the nonNprototypical/i/. This evidence should be viewed as weak, however, as no female or child 
utterances of Iii in the database fall within the 120-mel radius of either the prototypical or non-pro-
totypical Iii of Kuhl (1991). 
March 16, 1999 5 
Effects of Training on Auditory Space 
of more frequently encountered stimuli (prototypical vowels) is worse than discriminabil-
ity of less frequently encountered stimuli (non-prototypical vowels). Two recent neural 
network models posit explanations for the perceptual magnet effect in terms of experi-
ence-based formation of neural maps in the auditory system (Bauer, Der, and Herrmann, 
1996; Guenther and Gjaja, 1996). These models are of interest because they make clear 
predictions about the organization of the brain that can be tested using recently available 
imaging techniques such as functional magnetic resonance imaging (fMRI) or positron 
emission tomography (PET). Although the models, which were developed independently, 
are similar in many respects, they differ in how they account for the apparent paradox 
described above. 
In the Guenther and Gjaja (1996) model, the paradox is accounted for by differences in 
the training distributions for categorical stimuli as compared to non-categorical stimuli. 
Specifically, it is suggested that the training distribution of categorical stimuli typically 
has relatively sharp peaks near the category prototypes (i.e., infants hear many more 
examples of vowel-like sounds that fall near prototypical vowels than near non-prototypi-
cal vowels), as compared to the typically flatter distributions of non-categorical stimuli. 
This sharply peaked training distribution leads to a similarly peaked distribution of cell 
preferences in the neural map, and this in turn leads to a warping of perception toward the 
more prototypical exemplars due to population coding in the nervous system. The details 
of this process are presented in Guenther and Gjaja (1996); for the current purposes, it suf-
fices to note that this model predicts that it is the distribution of training stimuli, not the 
type of training, that leads to the perceptual magnet effect. 
In the Bauer et al. (1996) model, it is assumed that, for some stimuli, the neural map 
formation process leads to smaller cortical representations for the most frequently encoun-
tered stimuli, rather than the larger cortical representations reported in the neurophysio-
logical studies described above. Although not explicitly treated by Bauer et al., we infer 
here that differences in the learning situation for categorical stimuli as compared to 
non-categorical stimuli lead to this difference in how the cortical representation changes 
size for these stimuli. In other words, whereas discrimination training leads to a larger cor-
tical representation for the most frequently encountered stimuli, categorization training 
leads to a smaller cortical representation for the most frequently encountered stimuli. 
Although the differential effects of different types of training in the Bauer et al. model 
may seem more intuitive from a learning perspective, the Guenther and Gjaja model is 
more in line with the traditional view of neural map formation in the computational neuro-
science literature. 
1.3. Goals of the current experiments 
The first purpose of the current study was to address the following question: is it possi-
ble to induce a warping of auditory space that takes the form of reduced discriminability 
for category-relevant dimensions of frequently encountered stimuli, as appears to be the 
case in the perceptual magnet effect, by training adult subjects on a categorization task 
using stimuli that are not categorical prior to training? Because they attribute the reduced 
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discriminability near a category prototype to neural map formation principles that are 
common to different sensory modalities, the neural map models of Bauer et a!. ( 1996) and 
Guenther and Gjaja (1996) both predict that this should be possible, and although this sort 
of acquired similarity had been identified as a possible learning mechanism underlying 
categorical perception several decades ago (e.g., Liberman, 1957; Lane, 1965), it appar-
ently has not been demonstrated experimentally (Goldstone, 1994; Liberman, 1996). A 
second purpose of the current study was to investigate some of the learning conditions that 
are necessary to reduce sensitivity for frequently encountered stimuli, if it is indeed possi-
ble to induce such an effect. A final purpose of this study was to test between the Guenther 
and Gjaja (1996) and Bauer eta!. (1996) neural models of the perceptual magnet effect in 
order to form a clear and testable hypothesis concerning the properties of the nervous sys-
tem that lead to this effect. Most of the experimental results reported herein have been pre-
sented in preliminary form in conference publications (e.g., Husain and Guenther, 
1998a,b). 
2. Experiments 
Four experiments were performed. All experiments consisted of four phases: a calibra-
tion phase in which a subject's detection threshold for auditory stimuli like those used in 
later phases of the experiment was detemined, a pre-test phase to determine baseline sensi-
tivity, a training phase, and a post-test phase to measure any change in sensitivity that may 
have resulted from training. Experiments I, II, and III used the same testing procedure; 
these experiments differed only in the type of training the subjects underwent during the 
training phase. The pre- and post-tests for Experiment IV were modified slightly from the 
others. The common aspects of the experimental design are treated in the following para-
graphs. 
Participants 
Subjects were male and female adults between the ages of 18 and 50 with no history of 
speech, language or hearing disorders. Subjects were compensated at the rate of $8 an 
hour. Each subject participated in a single experimental session, consisting of a calibration 
phase lasting approximately 15 mintues, a pre-test lasting approximately 15 minutes, a 
training session lasting approximately 45 minutes, and a post-test lasting approximately 
15 minutes, for a total session length of approximately 1.5 hours. A subject's results were 
excluded from analysis if the subject did not perform within a previously determined crite-
rion on the training task, as described below. Subjects had no prior knowledge regarding 
the purpose of the experiment. 
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Apparatus and stimuli 
The stimuli for all experiments were narrow-band filtered samples of white noise with 
different center frequencies. The center frequencies of the pass band ranged between 1000 
Hz and 3500Hz. The bandwidths of the stimuli were chosen to be equal in mel space, with 
the stimulus at 2500Hz having a bandwidth of 100Hz. The stimuli were generated using 
Entropic's ESPS/Waves software on a Sun SPARCstation 10 by filtering white noise 
through bandpass filters. The sound files were sent through an Ariel D/ A converter to both 
speakers of a set of headphones worn by the subject while sitting in a quiet room. The 
sounds were played at a level the subjects deemed most comfortable, typically around 75 
dB 2. Subjects' responses were entered using the mouse and keyboard of the computer that 
controlled the presentation of stimuli. 
Calibration Phase 
Each individual subject's threshold for discriminating the stimuli was established at 
the beginning of the experiment. This was done to account for rather large inter-subject 
differences in the ability to discriminate between the stimuli3 An adaptive up-down stair-
case method (AX same-different paradigm) was used to determine the discrimination 
threshold. Stimuli for this procedure consisted of narrow-band white noise centered at dif-
ferent frequencies around 2500Hz with a bandwidth of 100Hz. The step size that shifted 
the center frequency of the noise stimuli was fixed at 5 Hz. Thresholds were determined 
both for frequencies lower than and greater than 2500 Hz. The final threshold was the 
average of these two thresholds. This threshold, specified in mel units, was used as an esti-
mate of the Just Noticeable Difference (JND) for that particular subject throughout the 
range of frequencies used in the experiment. 
The stimuli for the remainder of the experiment were generated based on this JND 
measure, as shown in Figure I. First, a reference stimulus, labeled "Milestone B" in 
Figure 1, was located at 3200Hz. This stimulus and six additional stimuli spaced± 1, 1.5, 
and 2 JND from it constitute the "training region" of frequency space. Next, a second ref-
erence stimulus, milestone A, was located at a frequency 11 JNDs less than milestone B. 
milestone A and stimuli spaced ± 1, 1.5, and 2 JND from it constitute the "control region" 
of frequency space. (The spacing used for the stimuli in Experiment IV were slightly dif-
ferent; this will be addressed in the description of that experiment.) In the pre- and 
post-tests, the subject's sensitivity to stimuli in both the control region and the training 
region were measure by estimateing d' between the milestones A and B and their neigh-
boring stimuli. Stimuli in the training region were involved in the training phase in a man-
2. Steps were taken to ensure that stimuli differing in center frequency were played at the 
same absolute intensity level. 
3. Typical JND measures determined in the calibration phase ranged between 10Hz and 50 Hz for 
the different subjects. 
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ner specific to the particular experiment; stimuli in the control region were not 
encountered during training. Comparison of the difference between pre- and post-test 
results for the training and control regions provides information about the effects of train-
ing on the listener's sensitivity to the training region stimuli. This design partially controls 
for shifts in response bias which may occur in the experiment. 
Control Region Band Edges 
... ... ... ... 
Milestone A 
I I I I I II !ZZZZZZZZJ 
... 
Training Region 
... ... 
Milestone B 
I I I I I I I 
3200Hz 
Band Edges 
... ... 
IZZZZZZZZJ 
Frequency 
(JND units) 
FIGURE 1. The range of frequency space within which different types of stimuli were 
generated. Milestone A and its neighbors form the control region and milestone B and its 
neighbors form the training region. Regions spanning 4 JNDs on either side of the training 
region are called "band edges)). See text for details. 
The training regimes used in the experiments required the use of stimuli in addition to 
those falling in the training region. These additional stimuli were chosen from a uniform 
distribution over two regions of frequency space labeled "band edges" in Figure 1: a 
4-JND-wide region between the training region ~md the control region, and a 4-JND-wide 
region located above the training region in frequency space. There was a separation of 1.5 
JNDs between the band edges and both the training and control regions. 
Pre- and Post-Test Phases 
Tests were conducted to measure subjects' sensitivities to differences in the auditory 
stimuli for both the control and training regions before and after training. The pre- and 
post-test sessions for the same experiment were identical. The tests measured discrim-
inability around milestone A and milestone B (see Figure 1). Tests were conducted in two 
blocks of 64 trials each, using an AX same-different paradigm. One block of trials mea-
sured sensitivity in the control region, while the other block measured sensitivity in the 
training region. The order of presentation of the blocks was varied for different subjects, 
with roughly half the subjects performing tests with the control block first and the other 
half performing tests with the training block first. Subjects were not provided feedback 
concerning the correctness of their responses in the pre- and post-tests. 
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Each trial within a block was composed of a pair of stimuli. The first stimulus of the 
pair was always the milestone. The second stimulus of the trial was either the milestone 
again or any of its neighbors in the corresponding region, as shown in Table 1. A total of 7 
distinct pairs of stimuli were generated for each block, with 6 being 'different' and 1 being 
'same'. There were 8 repetitions of each 'different' pair and 16 repetitions of the 'same' 
pair, for a total of 64 trials per block. 
TABLE 1. Generation of pairs of stimuli for the AX Same-Different discriminatiou tests. 
M stands for milestone, and subscripts denote the distance from the milestone in JND 
units. 
A X Type of Trial Number 
M M Same 16 
M M.t Different 8 
M M.t.s Different 8 
M M_2 Different 8 
M M+t Different 8 
M M+l.5 Different 8 
M M+2 Different 8 
Total 64 
The length of each of the stimuli in a trial was 500 ms, as shown in Figure 3. In the first 
three experiments, the inter-stimulus interval (lSI) was Is long with a brief burst of white 
noise, 500 msec long, in the middle. In the fourth experiment, the lSI was 250 msec and 
there was no white noise between the two stimuli. Trials were presented in random order. 
Subjects indicated whether they thought the tones they heard were the same or different by 
pressing the's' or 'd' key on the keyboard. Subjects generally completed a test in 15 min-
utes. 
The change in sensitivity between pre- and post-tests was analyzed for the group of 
subjects. Analysis of each subject's sensitivity ( d') was performed using both hit and 
false-alarm rates. Group d' scores were then calculated from these individual measures to 
produce a collapsed d' measure (Macmillan and Creelman, 1991; Macmillan and Kaplan, 
1985). This measure has been used by researchers such as Sussman and Lauckner-Morano 
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stim1 
500ms 
·-----~ 
noise 
500ms 
·-----~ 
2000 ms 
stim1 
stim2 
500ms 
·-----~ 
stim2 
500 ms 500ms 
·-----~ ------~ 1250 ms 
Experiments 
I, II, III 
Experiment 
IV 
FIGURE 2. Time course of a test trial. In experiments 1, 2, and 3, the lSI was 1 second long 
with a distractor noise of 500 msec. In experiment 4, the lSI was 250 msec long with no 
distractor noise. 
(1995) to investigate the perceptual magnet effect. Pairwise t-tests (Howell. 1992) com-
pared pre- and post-training d' scores to test for significant change in both the training 
region and the control region (whose sounds did not occur during the training session). 
Changes in sensitivity for the training region were then compared to changes in sensitivity 
for the control region. 
Discriminability was compared across groups of subjects using the G statistic (Goure-
vitch and Galanter, 1967, p. 27) which allows for comparison of group d' measures. The 
G statistic tests the significance of the difference of the pre- and post-training d' scores by 
considering the number of observations per data point (10 subjects x 8 trials= 80 observa-
tions per data point). 
Training Phase 
The type of training varied for each experiment, and the different training paradigms 
are explained along with the relevant experiments below. All experiments shared the fol-
lowing criterion for inclusion of a subject's results in the analysis: the subject must have 
responded cotTectly on half the trials of each of the ten training subsessions which com-
prised the training phase. If the subject did not meet this criterion, it was assumed that 
he/she did not succeed in learning the training task, and his/her results were thus excluded 
from the statistical analyses. 
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2.1. Experiment I 
The main goal of the first experiment was to investigate whether it is possible to induce 
a decrease in discriminability along a category-relevant dimension of a set of non-speech 
stimuli that were repeatedly encountered during a training session. This would constitute a 
demonstration of acquired similarity along a category-relevant dimension, and it would 
also be in keeping with models of the perceptual magnet effect that attribute the effect to 
neural map formation properties that are not specific to speech (Bauer et al., 1996; Guen-
ther and Gjaja, 1996). 
2.1.1. Training 
In the training phase of Experiment I, subjects were trained to choose sounds that 
belonged to the training region (i.e., milestone B and its neighbors) from a list of sounds. 
Specifically, subjects were told that they were to learn to identify sounds from a category, 
referred to as the "prototype category" and corresponding to the training region of fre-
quency space in Figure 1, and that during training they would have to choose the prototype 
category sound from a list of sounds that included only one member of the prototype cate-
gory. Since the subjects were taught to treat the training region sounds as members of the 
same category, we will refer to this type of training as categorization training. The sub-
jects underwent two types of training trials: ( l) listening trials in which they heard exam-
ple sounds from the training region and did not have to make any response, and (2) 
identification trials in which they identified one sound from a list of sounds as belonging 
to the training region. During a listening trial, subjects heard 4 sounds randomly chosen 
from a set of 9 sounds which were evenly spaced in 0.5 JND increments within the train-
ing region. These included the milestone B and its six neighbors used in the testing proce-
dure, plus the two stimuli falling ±0.5 JND from the milestone. During an identification 
trial, subjects heard a short list of sounds, only one of which came from the training 
region. The other sounds that comprised the identification trial were generated from the 
"band edges" regions flanking the training region (see Figure l ). These sounds were ran-
domly chosen from a set of 18 sounds: 9 sounds spaced 0.5 JND apart from within the 
band edge region lower in frequency than the training region, and 9 sounds spaced 0.5 
JND apart from the band edge region higher in frequency than the training region. As 
noted earlier, the band edge regions did not overlap with either the training or control 
regions, and no sounds from the control region were presented during training. 
Subjects could choose whether to perform a listening or an identification task for any 
given trial, with the stipulation that no more than 15 listening trials could be performed in 
any subsession. The subsession ended when 30 identification trials were completed. Each 
subject performed 10 such subsessions, and subjects received feedback about the correct-
ness of their responses. Task difficulty was increased over the ten subsessions by increas-
ing the length of the list of sounds from which the subject had to identify the training 
region sound: a 2-sound list was used in the first 3 subsessions, a 3-sound list was used in 
the next 3 subsessions, and a 4-sound list was used in the last 4 subsessions. Subjects gen-
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erally completed the entire training phase in 45 minutes. Two subjects performed below 
the established criterion during the training session and their data were thus excluded from 
subsequent analysis. 
2.1.2. Results 
Figure 3 shows the collapsed d' values for sounds in the control region before and 
Distance from the Milestone in JND (mel) units 
FIGURE 3. The collapsed d' score for the control region of Experiment I, before and after 
training, as a function of distance from the milestone. 
after training, and Figure 4 shows the same results for the training region. Subjects were 
significantly worse (p<0.05) at discriminating stimuli in the training region after training 
compared to before training (!(5)=-12.4; p<0.05) but not in the control region (t(5) =-1.48; 
p>0.05). Figure 5 compares the change in d' for the control and training regions. The 
change in d' was calculated as the percentage increase or decrease in the d' from pre-test 
to post-test. This figure indicates that the change in sensitivity for the training set of stim-
uli was significantly more negative (!(5)=-5.14; p<0.05) than the change in sensitivity for 
the control region. All ten subjects showed a decrease in sensitivity for the training region, 
and eight of the ten showed a larger sensitivity decrease in the training region than in the 
control region. 
Discriminability before and after training was also compared across groups using 
Gourevitch and Galanter's (1967) G statistic. Overall, as seen in Table 2, there was a gen-
eral pattern for sensitivity to worsen (indicated by the negative values) for the training 
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FIGURE 4. The collapsed d' score for the training region of Experiment I, before and after 
training, as a function of distance from the milestone. 
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FIGURE 5. Change in sensitivity after training for the control and training regions in 
Experiment I. Subjects showed a significant decrease in sensitivity for the stimuli in the 
training region but not in the control region. 
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region. On the other hand, sensitivity for the control region, across all the comparison 
steps, did not change significantly. 
TABLE 2. G statistic comparison for Experiment I. Asterisks denote statistically 
significant (p<O.OS) changes in sensitivity. 
Stimulus Control Training 
G score G score 
-2JND 0.27 -2.37* 
1.5JND -0.29 -2.25* 
-I JND -0.20 -3.54* 
I JND 0.15 -3.46* 
1.5 JND -0.63 -3.28* 
2JND -0.73 -3.20* 
2.1.3. Discussion 
The results of the first experiment indicate that it is possible to induce acquired simi-
larity along a category-relevant dimension if an appropriate training regime is utilized. 
Although the training region stimuli were encountered more frequently than the control 
region stimuli during the experiment, subjects showed a reduction in their ability to dis-
criminate stimuli in the training region as compared to the control region. As mentioned in 
the Introduction, the perceptual magnet effect also appears to be a case of acquired simi-
larity along category-relevant dimensions (formant frequencies) for more heavily experi-
enced stimuli. The main result of Experiment I might thus be interpreted as a case of 
inducing a "perceritual magnet-like" effect in a non-speech modality, as predicted by both 
the Guenther and Gjaja (1996) and Bauer et al. (1996) neural models of the magnet effect. 
2.2. Experiment II 
The second experiment tested whether a training regimen different from that nsed in 
Experiment I could result in a different effect on the subjects' sensitivity to the training 
stimuli even though a similar distribution of sounds is presented during training. In this 
experiment, a discrimination training paradigm was used in which subjects were repeat-
edly asked to report whether they thought two sounds were the same or different. Subjects 
were given feedback concerning the correctness of their responses. One might expect that 
this sort of training would lead to an increase in the ability to discriminate the sounds 
encountered during training, as opposed to the decrease in discriminability seen in Experi-
ment I for approximately the same distribution of training sounds. As discussed further 
below, such a result would be inconsistent with the Guenther and Gjaja (1996) model of 
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the perceptual magnet effect, since that model suggests that it is the shape of the distribu-
tion of vowel-like stimuli encountered by an infant that leads to the magnet effect, not the 
type of training. 
Twelve adults with normal hearing participated in the second experiment. Two sub-
jects performed below the established criterion during the training session, and their data 
were thus excluded from subsequent analysis. 
2.2.1. Training 
The set of training stimuli for Experiment II was generated in an identical fashion to 
the training set for Experiment I, consisting of sounds from the training region and band 
edge regions but not the control region. Care was taken to insure that the number of times 
each subject heard each training sound was approximately the same as in Experiment I4 
During the training session, subjects listened to pairs of stimuli and indicated whether they 
thought the two stimuli in the pair were the same or different by pressing the's' or 'd' key 
of the computer keyboard. Each training trial was of the same form as the pre- and 
post-test trials as described at the beginning of Section 2 (see top half of Figure 2) except 
that subjects were provided with feedback about the correctness of their response. Each 
subsession consisted of 45 trials, 15 of which involved pairs of stimuli that were the same 
and 30 of which involved pairs of stimuli that differed. There were I 0 such subsessions 
within the training session, and the task difficulty of the subsessions increased as follows: 
the initial 3 subsessions required subjects to discriminate stimuli that were 2 JNDs apart, 
the next 3 subsessions involved stimuli spaced 1.5 JNDs apart, and the final 4 subsessions 
involved stimuli that were I JND apart. Subjects generally completed the training session 
in about 45 minutes. 
2.2.2. Results 
Figures 6, 7, and 8 show the main results for Experiment II. Figure 6 shows the results 
of the pre- and post-tests for the control region. Subjects became significantly worse at 
discriminating stimuli within the control region (t(5)=-2.54, p<0.05). This differs from the 
effects of training on the control region in Experiment I, where no significant change in d' 
was measured, although there was a very small negative change in sensitivity for the con-
trol region in that experiment. We suspect that the relatively small negative changes in d' 
for the control region, which occurred in all four experiments (though not statistically sig-
4. Because subjects in Experiment I could choose to perform fewer than 15 listening trials during 
each training subsession, the total number of times that each sample was heard during training var-
ied from subject to subject. However, subjects usually used all 15 listening trials per subsession, 
The training stimulus distribution for Experiment II was thus chosen to match the training distribu-
tion for Experiment I under the assumption that all listening trials were used. 
March l 6, 1999 16 
Effects of Training on Audjtory Space 
nificant in Experiment 1), are due largely to subject fatigue toward the end of the approxi-
mately 1.5 hour experimental session. 
Figure 7 shows the results of the pre- and post-tests for the training region. Subjects 
showed a significant increase in d' (t(5) = 2.29, p<0.05) after training. The increase in d' 
was significantly greater for the training region as compared to the control region 
(1(5)=3.23, p<0.05; see Figure 8). 
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FIGURE 6. The collapsed d' scores for the control region of Experiment II, before and after 
training. 
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FIGURE 8. Change in sensitivity after training for the control and training regions in 
Experiment II. 
The general pattern for sensitivity to improve for the training region, but not the control 
region, is also indicated by the G scores listed in Table 3. Note that for the training region, 
the most positive change in sensitivity occurred to the right of the prototype of the training 
region. In fact, the sensitivity for the -2 JND and -1.5 JND stimuli did not change signifi-
cantly. Perhaps relatedly, subjects as a group showed far fewer errors for the -2 JND and 
-1.5 JND stimuli during the pre-test than they showed for the other four stimuli, with only 
9 total errors for the -2 JND stimulus and 20 total errors for -1.5 JND stimulus as com-
pared to 38, 53, 32, and 27 errors respectively for the -1, l, 1.5, and 2 JND stimuli. We 
thus suspect that the lack of an increase in d' for the -2 and -1.5 JND stimuli was a a "ceil-
ing effect" clue to the very high level of sensitivity for these stimuli even before training, 
which was in turn apparently due to inaccuracies in calibrating the JNDs for a subject 
across the entire range of frequencies used in the study. 
2.2.3. Discussion 
The results of this experiment indicate that the same distribution of training stimuli 
that led to a decrease in sensitivity for the training region in Experiment I can lead to an 
increase in sensitivity if the training regime is changed to a discrimination training task. 
This is a case of acquired distinctiveness along a category-relevant dimension (see also 
Goldstone, 1994). Possible implications of this result for neural models of the perceptual 
magnet effect are treated in the General Discussion. 
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TABLE 3. G statistic comparison for Experiment II. Asterisks denote statistically 
significant (p<O.OS) changes in sensitivity. 
Stimulus Control Training 
G score G score 
-2JND -0.48 -0.01 
-1.5 JND -1.21 0.45 
-I JND -1.15 1.87* 
I JND 0.46 2.74* 
1.5 JND 0.89 3.83* 
2JND -0.80 3.81 * 
2.3. Experiment III 
The third experiment was designed to elaborate on the training conditions required to 
induce the perceptual magnet-like effect of acquired similarity along a category-relevant 
dimension that was demonstrated in Experiment I. The specific question this experiment 
sought to answer was whether training with only a single exemplar from a category is suf-
ficient to induce decreased sensitivity in its immediate region of acoustic space. It is possi-
ble that a listener must experience many exemplars from the same category in order to 
induce acquired similarity. This scenario makes sense if one takes the view that acquired 
similarity is a case of learning to "ignore" differences between exemplars of the same cat-
egory; if subjects hear only one exemplar of a category, there are no differences between 
category exemplars to learn to ignore. 
Eleven adults participated in the third experiment. One subject's performance did not 
meet the established criterion, and this subject's results were thus not included in the anal-
ysis. 
2.3.1. Training 
This experiment involved a categorization training regime that differed from that of 
Experiment I in only one respect: instead of hearing different exemplars from the training 
region when performing either a listening or identification trial, subjects always heard the 
same exemplar, milestone B (see Figure 1). 
2.3.2. Results 
Figures 9, 10, and 11 show the main results for Experiment III. Figure 9 shows pre-
and post-test results for the control region. As in Experiment II, subjects became signifi-
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cantly worse at discriminating stimuli within the control region (t(5)=-2.98, p<0.05). 
Again, general fatigue may have been a factor in this decrease in sensitivity. Subjects also 
became significantly worse at discrimating stimuli in the training region (Figure 10; 
1(5)=-2.04, p<0.05). More importantly, the change in sensitivity for the training region 
was not significantly different from the change in sensitivity for the control region 
(1(5)=0.30, p>0.05). In other words, using only a single exemplar from the training region 
during training did not lead to a significant decrease in discrimination performance for the 
training region as compared to the control region. 
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FIGURE 9. The collapsed d' scores for the control region of Experiment III, before and 
after training. 
The G scores are shown in Table 4. The change across most of the testing distances 
after training was not significant for either the training or the control region, except in the 
case of the 1.5 JND step to the right of the control milestone. When considered in combi-
nation with the d' results, this suggests that there were small decreases in performance, 
likely due at least in part to fatigue, for both the training and control regions, and the 
decrease for the training region was not significantly larger than the decrease for the con-
trol region. This indicates that training with only one exemplar of a category does not lead 
to significant acquired similarity in the immediate region of that exemplar. 
2.3.3. Discussion 
In both Experiments I and III, the overall change for the control and the training 
regions was in the negative direction. However, the decrease in sensitivity for the training 
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TABLE 4. G statistic comparison for Experiment III. Asterisks denote statistically 
significant (p<O.OS) changes in sensitivity. 
Stimnlus Control Training 
G score G score 
-2JND !.51 -0.16 
-1.5 JND -0.02 1.05 
-1 JND -0.65 1.50 
I JND 0.8 -0.38 
1.5 JND 2.44* -0.92 
2JND 0.75 0.29 
region in Experiment I was highly significant when compared to the change in the control 
region, while the analogous comparison in Experiment III was not significant. This sug-
gests that a single category exemplar is not sufficient to induce acquired similiarity in the 
neighborhood of the category exemplar, or at minimum that a single exemplar does not 
induce as much acquired similarity as multiple exemplars. Perhaps relatedly, Goldstone 
(1994) was not successful in using two exemplars to induce acquired similarity of a cate-
gory-relevant dimension for visual stimuli differing along two dimensions. A possible 
explanation for the success in inducing acquired similarity in Experiment I and the failure 
to do so in Experiment III and Goldstone ( 1994) is that many exemplars of a category, not 
just one or two, are needed to noticeably decrease sensitivity along a category-relevant 
dimension. 
2.4. Experiment IV 
Several investigators have suggested that the brain's representation of sounds can be 
broken into two different memory modes: a continuous auditory memory mode that con-
sists of a reasonably accurate representation of a sound that decays relatively rapidly after 
the stimulus goes away or is intem1pted by a new auditory stimulus, and a more "dis-
cretized" or "categorical" mode that can be maintained iu memory for a longer period of 
time, e.g. for comparison to a second stimulus in a discrimination task with a relatively 
large interstimulus interval (lSI). When investigating speech sounds, Pisani (1973) 
referred to the different memory forms as auditory mode and phonetic mode. In a model of 
sound intensity discrimination, Durlach and Braida (1969) delineated two memory modes 
that they termed sensory-trace mode and context-coding mode; these modes are roughly 
analogous to Pisani's auditory mode and phonetic mode, resepectively. Macmillan, Gold-
berg, and Braida (1988) extended the Durlach and Braida (1969) model to explain experi-
mental results involving speech stimuli. Since we are not dealing with speech stimuli 
directly in this experiment, we will use the terms sensory-trace mode and context-coding 
mode here. 
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The purpose of Experiment IV was to determine whether the acquired similarity 
induced in Experiment I could be better characterized as a result of changes in the sen-
sory-trace mode or the context-coding mode of auditory memory. It is usually assumed 
that increasing the lSI and/or adding a brief noise burst between two stimuli interferes 
with the sensory-trace mode of memory more than context-coding mode (e.g., Repp, 
1984; Werker and Pegg, 1982). Given the relatively long lSI of Experiment I and the use 
of a noise burst between the two stimuli in a discrimination trial, one might reasonably 
conclude that the effect measured in that experiment primarily involved the context-cod-
ing mode of auditory memory. In Experiment IV, the ISI during discrimination training 
was reduced and the inter-stimulus noise was removed in order to better gauge whether the 
acquired similarity demonstrated in Experiment I is also manifested in the sensory-trace 
mode of auditory memory. 
2.4.1. Training and testing 
The training and testing stimuli used in Experiment IV are shown in Figure 12. The 
training regime for Experiment IV was identical to that of Experiment I, and the training 
stimuli were generated in the exact same fashion as in that experiment. The testing proce-
dure for Experiment IV involved an ISI of 250 ms and there was no distractor noise 
between the two stimuli (see Figure 2). In a pilot experiment, it was determined that these 
manipulations allowed subjects to discriminate the test stimuli almost perfectly. This 
invalidated the d' measures since they are only accurate if a significant number of errors 
are made during testing. In order to obtain an accurate d' measure with the shorter ISI, the 
stimuli used in the testing sessions of Experiment IV had to be more closely spaced than 
they were in the earlier ex~eriments. Test stimuli for Experiment IV were located at 0.75, 
1.125, and 1.5 JND units above and below the milestones in the control and training 
regions, as compared to a spacing of I, 1.5 and 2 JND units in Experiment I. The place-
ment of the milestones and the positioning of the band edges regions were not affected by 
this change. 
2.4.2. Results 
Figures 13 and 14, show the collapsed d' scores for the control and training regions 
before and after training. A significant decrease in sensitivity occurred for both the control 
region (t(5)=-5, p<0.05) and the training region (t(5)=-3.8, p<0.05). The change in the 
training region was not significantly different from the change in the control region 
(t(5)=-0.63, p>0.05; see Figure 15). The G scores for Experiment IV are presented in 
Table 5, with the group change in d' reaching significance for only one test stimulus 
(-1 JND in the training region). 
5. Because the JND was estimated in the calibration phase using a longer lSI and an inter-stimulus 
noise burst, it is expected to be larger than the JND for the stimuli as presented during the pre- and 
post-tests, which had a shorter lSI and no inter-stimulus noise burst. 
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FIGURE 12. The training and testing stimuli for Experiment IV. Training stimuli were 
generated in exactly the same manner used in Experiment I. Testing stimuli were more 
closely spaced than in Experiments I-III to compensate for increased discriminability of the 
test sounds due to the shorter lSI and removal of the inter-stimulus noise burst. See text for 
details. 
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FIGURE 13. The collapsed d' scores for the control region of Experiment IV, before and 
after training. 
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FIGURE 14. The collapsed d' scores for the training region of Experiment III, before and 
after training. 
TABLE 5. G statistic comparison for Experiment IV. Asterisks denote statistically 
significant (p<O.OS) changes in sensitivity. 
Stimulus Control Training 
G score G score 
-2JND 1.56 1.39 
-1.5 JND 0.54 1.42 
-I JND 0.23 1.90* 
I JND 0.32 -0.53 
1.5 JND 0.31 1.35 
2JND 0.45 0.10 
2.4.3. Discussion · 
The resnlts of this experiment indicate that the nse of a shorter lSI and no noise burst 
between the two stimuli in the sensitivity testing trials essentially eradicates the acquired 
similarity found in Experiment I, despite the use of the same training regime as in that 
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FIGURE 15. Change in sensitivity after training for the control and training regions in 
Experiment IV. 
experiment. Since decreasing the lSI and removing the noise burst presumably favors a 
sensory-trace memory mode over a context-coding memory mode, this result suggests that 
the acquired similarity seen in Experiment I was primarily associated with the con-
text-coding mode of auditory short term memory. This result is consistent with the hypoth-
eses of Macmillan eta!. (1988), Pisoni (1973), Repp (1984), and Werker and Pegg (1992) 
that a shorter lSI can diminish the categorical nature of the responses made by an observer. 
3. General Discussion 
Figure 16 is a composite plot of the total d' measures collapsed across subjects before 
and after training in all four experiments. The left side of this figure illustrates that the 
change in sensitivity in the control region due to training in all four experiments was nega-
tive, though this change was relatively small and did not reach statistical significance in 
Experiment I. Because the control region stimuli were not presented during training, we 
believe that these small negative changes in d' were the result of generally poorer perfor-
mance in the post-test as compared to the pre-test, perhaps due to subject fatigue near the 
end of the roughly 1.5 hour-long experimental session. 
The right half of Figure 16 illustrates the d' measures for the training region before 
and after training. The results of the first two experiments indicate that, depending on the 
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FIGURE 16. Total d' in the control and training regions before and after training for 
Experiments I through IV. 
training regime, it is possible to induce either an increase or a decrease in the discrim-
inability of a set of auditory stimuli. The first experiment indicated that categorization 
training, in which subjects were asked to identify sounds belonging to a small region of 
frequency space as members of the same category, led to a decrease in the discriminability 
of stimuli within this small range. That is, subjects exhibited acquired similarity along the 
category-relevant dimension of center frequency of the narrow-band noise stimuli. The 
third and fourth experiments helped elucidate some of the necessary conditions for attain-
ing this acquired similarity. In Experiment III, the small range of frequencies correspond-
ing to the learned category in Experiment I was sluunk down to a single exemplar during 
training. This eliminated the acquired similarity seen in Experiment I, suggesting that a 
listener needs to be exposed to different examples of a category during training, not just a 
single exemplar, in order to decrease the listener's ability to discriminate between stimuli 
falling near the center of the category. In Experiment IV, it was shown that a testing regime 
that favors a hypothesized sensory-trace mode of auditory memory over a context-coding 
mode (e.g., Durlach and Braida, 1969; Pisani, 1973; Macmillan, Goldberg, and Braida, 
1988) weakens the acquired similarity effect of training, suggesting that categorization 
training primarily affects the context mode of memory processing. 
March 16, 1999 28 
Effects of Training on Auditory Space 
If we are to fully understand the neural processes that lead to experience-based warp-
ings of auditory space such as the perceptual magnet effect, it is important to formulate 
and test hypotheses regarding the neural mechanisms underlying these phenomena The 
Guenther and Gjaja (1996) and Bauer eta!. (1996) models of the perceptual magnet effect 
attribute it to neural map formation properties in auditory brain areas such as the primary 
auditory cortex. According to both of these models, the learning process during which 
infants develop phonemic categories involves a change in the distribution of firing prefer-
ences of cells in auditory cortex; it is this change in the auditory neural map for vowel-like 
sounds that is hypothesized to underly the perceptual magnet effect. 
Because both models posit that the magnet effect results from neural map formation 
properties that are not specific to speech stimuli, they predict that exposing a listener to 
new, non-speech auditory stimuli within a training regime that appropriately mimics the 
learning of phonemic categories by an infant should lead to a similar change in the distri-
bution of firing preferences of cells coding these stimuli in auditory cortex. This change in 
the auditory neural map should in turn result in a measurable "perceptual magnet-like" 
effect for these auditory stimuli: we should see a decreased ability for subjects to discrim-
inate the training stimuli. This prediction was tested in Experiment I and supported by that 
experiment's results: subjects showed a decrease in the ability to discriminate stimuli from 
a heavily experienced training region. 
The results of Experiment II indicated that this decrease in sensitivity was related to the 
categorical nature of the training task used in Experiment I, since a discrimination training 
task led to an increase in the ability to discriminate training stimuli in Experiment II. This 
result conflicts with the Guenther and Gjaja (1996) model, since this model posits that it is 
the distribution of training stimuli, not the type of training, that leads to the magnet effect. 
Bauer et a!. (1996) do not speculate on what training conditions might be required to 
induce a perceptual magnet-like effect, but their model allows for different training condi-
tions to have different effects on the size of the representation of training stimuli in the 
neural map. Based on the results of the current experiments, we propose that discrimina-
tion training and categorization training have opposite effects on the size of the neural rep-
resentation of the training stimuli. This hypothesis, in combination with the neural map 
model of Bauer et a!. ( 1996), is schematized in Figure 17. The left side of the figure corre-
sponds to a categorization training situation, as in Experiment I. The top and bottom pan-
els schematize the auditory map as a function of acoustic space before and after training, 
and the middle panel schematizes the distribution of training stimuli in acoustic space. In 
categorization training, heavy exposure to a set of training sounds leads to fewer cells cod-
ing these sounds in the auditory map, and the resulting smaller cortical representation 
diminishes a listener's ability to differentiate sounds in this region of acoustic space. This 
is how the Bauer eta!. (1996) model, with an appropriate parameter choice that leads to a 
negative magnification factor for the cortical representation, accounts for the perceptual 
magnet effect. The right side of Figure 17 corresponds to a discrimination training situa-
tion, as in Experiment II. Here, more cells in the map become tuned to the most frequently 
encountered training stimuli, and the resulting larger cortical representation increases the 
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listener's ability to differentiate sounds in this region of acoustic space. This learning situ-
ation corresponds to the "classical" formulation of a self-organizing feature map in the 
computational neuroscience literature, in which increased exposure to a set of stimuli 
leads to a larger cortical representation for those stimuli (e.g., von der Malsburg, 1973; 
Grossberg, 1976; Kohonen, 1982), and can also be accounted for by using a positive mag-
nification factor in the Bauer et al (1996) model. We are currently testing predictions of 
the hypothesis illustrated in Figure 17 using functional magnetic resonance imaging tech-
niques. 
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FIGURE 17. Hypothesized changes in the neural map in auditory cortex as a result of 
categorization training (left; Experiment 1) and discrimination training (right; 
Experiment 2). The x and y axes of all plots correspond to two acoustic dimensions, such 
as the first two formant frequencies. The z axis corresponds to the number of cells in the 
map devoted to each region of frequency space (top and bottom plots) or the number of 
training stimuli from that region of frequency space (middle plots). Categorization 
training leads to a decrease in the number of cells coding the most frequenly encountered 
stimuli, whereas discrimination training leads to an increase in the number of cells 
coding the most frequently encountered stimuli. 
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